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Our understanding of the relationships between lexical and phonological development has been enhanced in recent years by increased interest in this area from language scientists, psychologists and phonologists. This review article provides a summary of research, highlighting similarities and differences across studies. It is suggested that the research falls into two categories with different goals and different methodological approaches : (1) child-centered studies that examine the influences active in the prelinguistic and early-word period, emphasizing individual developmental patterns and the active role played by the child ; and (2) studies inspired by research on word processing in adults ; these focus on the effects of the phonological and lexical characteristics of the ambient language on underlying representations and word learning in children. The article concludes with suggestions for integrating the findings from the two approaches and for future research.
I N T R O D U C T I O N
Research in linguistics is typically focused on one of the 'subdomains ' in the field with relatively little attention to the interactions between domains. Thus, some researchers specialize exclusively in syntax while others publish only in the area of phonology or semantics. Specialized journals have reinforced the separation between the various domains. A similar trend is evident in studies of language acquisition, where the division into domains has predominated, leading to a wealth of knowledge about the ways in which children acquire, e.g., the morphological aspects of their verb system or the phonological patterns of their language. This focus on specialization has led to a lack of attention to the areas of overlap. In the domains of phonological and lexical development, important interactions between phonological and lexical development have been identified, and these interactions have been shown to be bi-directional. That is, phonological ability has been shown to influence lexical acquisition and the nature and structure of the lexicon has been shown in turn to influence phonological knowledge. This purpose of this article is to examine the interactions between lexical and phonological development from infancy to age 4 ;0, i.e. the prereading period. The focus is primarily on children with typical speech and language development and on production rather than perception ; although studies of a variety of languages will be cited, the focus is on investigations of children acquiring American English. The article is structured as follows : (1) a summary of general patterns of phonological and lexical development, as independent phenomena ; this summary is intended to provide a general framework for the subsequent discussion and does not include detailed commentary on specific studies ; (2) a set of postulates about the relationships between lexical and phonological development across the designated age period ; (3) the identification and discussion of several hypotheses which, in the author's view, need further study before they can be fully understood and evaluated ; and (4) a summary of lexical-phonological relationships highlighted in the article and suggestions for future research.
Phonological development: a brief summary
In order to produce meaningful speech, children must learn the movements (articulatory and phonatory) necessary to produce words in an adult-like manner, and must have knowledge of the phonological forms of words of their native language. Thus, phonological development has two basic components : (1) a biologically based component associated with the development of the speech-motor skills needed for the adult-like pronunciation of words ; and (2) a cognitive-linguistic component associated with learning the phonological system of the ambient language ; this component includes processes of memory and pattern recognition associated with the storage and retrieval of words in a child's ' mental lexicon' (Stoel-Gammon & Sosa, 2007) .
The beginnings of phonological development appear prior to words with the cries, gestures and vocalizations of the prespeech period; although they are non-meaningful, prespeech vocalizations can be used to regulate the behaviors of others. With the emergence of words, symbolic communication takes on the functions of presymbolic signals, and babbled vocalizations yield to verbalizations. Studies of phonological development tend to focus on vocalizations that have identifiable referents, thus allowing for comparisons between the child's production and the target form. There are, however, vocalizations that meet the criteria of being a word in that they have stable
sound-meaning relationships, but do not appear to be based on the adult form. Rather, the child has created his or her own word form, sometimes referred to as a proto-word. For example, one of the children studied by Stoel-Gammon & Cooper (1984) used the form [di] to mean something like ' look at that', while another child in the study produced [ma] or [na] as an all-purpose request form.
Identifying, and analyzing, early word productions is not easy, as the form of a babbled (i.e. non-meaningful) vocalization may be identical to the form of a word. To be judged a word, the child's phonetic form(s) must be systematically linked with the context(s). It is generally assumed that the child's form will bear some resemblance to the adult target in terms of syllable shape and/or segmental patterning. In many cases, the child and adult forms differ substantially, but a pattern of correspondences between child and adult form can be identified. For example, the form [di] for the target ' cheese ' would be acceptable if the form appears to be used in the appropriate contexts (e.g. when asking for cheese ; when labeling a picture of cheese, etc.) and is relatively stable.
As noted above, phonological development involves both biological and cognitive factors that interact with one another during the period of acquisition. Babies must learn to produce movement patterns that yield sound sequences similar to those of the adult speakers in their environment. They must learn to do this in spite of differences in vocal tract configuration and speed and precision of motor movements, especially movements involving the tongue. Thus, anatomical and neurophysiological constraints in the human infant place natural limits on the range of variation that can occur in early vocalizations.
Although early word productions are marked by extensive individual differences in pronunciation patterns, children aged 2;0 acquiring American English, who typically have a productive vocabulary of about 300 words (Fenson, Marchman, Thal, Dale, Reznick & Bates, 2007) , exhibit more consistent patterns, characterized by simple word and syllable shapes (e.g. CV, CVC, CVCV) and by sound classes that are thought to be 'easier ' to produce (stops, nasals, glides) . It is interesting to note that the size of productive vocabularies of children aged 2; 0 in different languages, as measured by adaptations of the MacArthur-Bates Communicative Developmental Inventories (Bleses et al., 2008a) , varies considerably, and different dialects of the same language, such as British and American English, have also shown differences (see Bleses et al. (2008a) for comparisons). For two-year-olds, the size of productive vocabulary can vary substantially, with a mean of about 550 words for children acquiring Mandarin (Tardif, Fletcher, Liang & Kaciroti, 2009 ) compared with 307 words (SD 162 . 4) for American children (Fenson et al., 2007) and 261 . 9 words (SD 162) for Australian children (Bavin et al., 2008) . Possible associations between the phonological system of a language and the growth of early vocabulary across languages are discussed later.
Even though the phonological system is far from complete by age 2 ;0, studies of the acquisition of American English show that the basic word structures, syllable shapes and sound classes are present at that age (Stoel-Gammon, 1987) , and about half of what a typical two-year-old says can be understood by a stranger (Coplan & Gleason, 1988) . On average, a two-year-old has a phonetic inventory containing voiced and voiceless labial, alveolar and (usually) velar stop consonants; labial and alveolar nasals; glides and some fricatives, usually [f] and [s] . In terms of syllable and word shapes, the repertoire includes open and closed syllables that can combine to form disyllabic words. In addition, the typical two-year-old can produce some words with consonant clusters in initial and final position (Stoel-Gammon, 1985 ; 1987) . By age 3; 0, the phonetic inventory of an American child with typical development has expanded considerably to include consonants of all place, manner and voice classes and a variety of syllable and word shapes. In their study of children aged 2;0-4 ;0, Prather and colleagues (Prather, Hedrick & Kern, 1975) reported that all phonemes except voiced fricatives and the voiced affricate were produced correctly in at least one of the word positions tested by at least half the subjects at age 3; 0.
It is relatively easy to trace phonological development in terms of accuracy of production and to describe error patterns, but more difficult to determine the processes underlying the course of development. While it is beyond the scope of this article to present a full-blown account of theoretical perspectives, a very brief overview is offered as a framework for the discussion of phonological acquisition. Most theories of phonological development are derived from (adult-based) phonological theories, which have evolved considerably over the past sixty years.
One of the earliest child-based theories stemmed from Jakobson's structuralist approach (1968) ; Jakobson proposed that children adhered to a universal order of acquisition of phonemic contrasts, regardless of their language. With the appearance of Chomsky & Halle's seminal book (1968) laying out the premises of generative phonology, the focus of phonological theory turned to relationships between abstract and surface forms : one of the basic tenets is that spoken productions result from the application of a set of phonological ' rules ' applied to abstract underlying forms similar to those of adults. Researchers interested in phonological acquisition used these constructs to create a set of rules that could capture differences between the adult pronunciations and the child's (mis-)pronunciations (e.g. Grunwell, 1981 ). Stampe's (1969) theory of natural phonology proposed a set of universal and innate ' phonological processes ' that applied to adult and child speech. In acquiring an adult-like phonology, a child must learn to suppress those processes that do not occur in their language. For example, a child learning Hawaiian does not have to suppress the process of final consonant deletion as there are no word-final consonants in that language, whereas a child learning English must learn to produce final consonants. Stampe's theory has been highly influential in studies of phonological acquisition and phonological disorders.
In the 1970s, there was a shift in phonological theories from linear, segment-based perspectives to non-linear, hierarchical approaches in which phonological representations were described not as strings of segments but as a hierarchy of phonological ' levels', each containing a different type of information. In brief, these models include levels of the phrase and prosodic word, moving down to the levels of foot and syllable structure, and then to a hierarchy of features (for a historical overview, see Bernhardt & Stemberger, 1998) . Optimality Theory (Prince & Smolensky, 2004 ) is among the most recent approaches that have been applied to phonological development and disorders. The premise of this approach is that there is a universal set of conflicting ' constraints ' of two basic types : markedness constraints which disallow the presence of marked structures in the output (e.g. a constraint on final consonants) and faithfulness constraints which require a match between the input and output. Phonological acquisition is viewed as a process of ranking and re-ranking of constraints to conform to the constraint patterns of the ambient language (see Dinnsen & Gierut (2008) for an overview).
Differences among these theories have implications for our understanding of the associations between lexical and phonological development. Among these are their views regarding : (1) innateness ; (2) the role of prelinguistic development ; (3) the influence of input ; (4) the effects of language use, including frequency of occurrence; and (5) the nature and number of underlying phonological representations that form part of the 'mental lexicon '.
Lexical development: a brief summary Word learning is one of the major accomplishments of the first years of life. Infants enter the world with the biological capacity for understanding and producing speech, and social interactions between infants and their caregivers create a world in which language becomes the primary means of communication. By the end of the first year, babies with typical development are able to produce a few words ; these early words often resemble prelinguistic, non-meaningful vocalizations such as [baba] or [mama] , which can gain word status by associating sound with meaning. American children aged 2; 0 have a productive vocabulary of 250-350 words (mean of 307) and, by age 2; 6, their productive vocabulary has increased to about 570 words. Around the age of 6 ; 0, children learning English have a receptive vocabulary of several thousand words, with estimates varying from 6,000 to 14,000. The wide range of estimations of vocabulary size can be related, in part, to methodological differences in determining a child's vocabulary ; in addition, it has been documented that environmental and educational differences associated with social class impact vocabulary size (see Hart & Risley, 1995) .
Longitudinal research shows that the rate of vocabulary growth tends to be quite slow in the first few months after the onset of words, with many children taking about six months to acquire a 50-word vocabulary; after that, vocabulary growth accelerates significantly, leading many researchers to argue that there is an identifiable ' vocabulary spurt' or 'naming explosion ' at around age 1; 6. Various factors have been proposed for the increase in vocabulary ; it has been linked to cognitive changes related to the infant's understanding of object permanence leading to the ' naming insight ' (Corrigan, 1978) , to the ability to represent objects symbolically (Lifter & Bloom, 1989) , to the ability to form categories of objects (Gopnik & Meltzoff, 1992) and to changes in lexical memory and/or articulatory abilities (Woodward, Markman & Fitzsimmons, 1994) . Some researchers have questioned the notion of a vocabulary spurt, noting that the rate of word learning in the second year of life exhibits considerable variation : whereas some children undergo a dramatic increase in vocabulary growth around age 1; 6-1 ; 8, many, perhaps most, exhibit a more gradual increase in rate of acquisition rather than distinct periods of slow vs. fast learning (Bloom, 2000 ; Ganger & Brent, 2004) . The presence (or not) of a vocabulary spurt will be addressed later, as it relates to changes in the developing phonological system.
Investigations of lexical development have identified a number of factors that influence which words children acquiring English are likely to learn. First, there is grammatical class : the vocabularies of young children contain a high proportion of commons nouns. When the average number of words in the vocabulary is 50, common nouns account for 40 % of the forms. It is generally assumed that these words are acquired in the context of labeling and or requesting objects. Studies of children acquiring American English show that adults tend to provide labels for objects more often than for actions or relations (Goldfield, 1993) . Interestingly, when the vocabulary has grown to over 600 words, the same percentage holds : 40 % of the words are common nouns (Bates et al., 1994) . Other early-acquired forms include a small set of words commonly used in social contexts such as mommy, daddy, hi, bye-bye, uh-oh and no.
A second factor is frequency of input, with the effects varying according to a word's lexical category (Goodman, Dale & Li, 2008) . Although closedclass words (e.g. pronouns, articles, prepositions, quantifiers) are the most frequent in the input, they are not acquired earliest ; in fact, they tend to be learned relatively late. Common nouns appear early and, as noted above, account for approximately 40% of a child's words ; within this class, frequency of input correlates strongly with order of acquisition : the more often children hear a particular noun, the earlier that noun will become part of their productive vocabulary. A third important influence on vocabulary acquisition is social class as measured by socioeconomic status (SES) : children from families with higher SES have larger vocabularies than children from lower SES families, a finding that is presumably linked to the fact that parents in higher SES families spend more time talking to their children (Hart & Risley, 1995 ; Hoff, 2003) . Finally, the phonology of target words has been shown to affect early vocabulary acquisition. Early words acquired by children learning English tend to be short (one or two syllables) and have consonants that are acquired relatively early in the course of phonological acquisition. This factor is explored in greater detail in the remainder of this article.
The next sections provide an overview and discussion of the associations between lexical and phonological acquisition. Specifically, the first sections focus on research indicating that phonology affects the lexicon, for example, that the a child's phonological system, or the phonological features of a word, influences the likelihood of a word being incorporated into a child's productive vocabulary. The later sections examine the influences of vocabulary on productive phonology.
The postulates below provide a summary of research relating vocal behaviors of the prelinguistic period to early lexical and phonological development. As noted in the ' Introduction ', the emphasis is on infants/toddlers with typical development and on studies of the acquisition of American English.
Postulate I: lexical acquisition is influenced by a child's prelinguistic vocalizations During the first year of life, babies pass through predictable and universal stages of vocal development, beginning with 'coos' that appear around age 0; 2-0 ; 3 and moving on to more speech-like consonant-vowel (CV) syllables (canonical babble) around age 0 ; 6-0; 7. Longitudinal studies have shown correlations between the following pairs of factors : the amount of vocalization at age 0; 3 and vocabulary size at age 2;3 ; the age of onset of canonical babble and the age of onset of meaningful speech; the number of CV syllables at age 1; 0 and age at use of first words ; use of consonants at age 1; 0 and phonological skills at age 3 ; 0; and diversity of syllable and sound types at ages 0; 6-1 ; 2 and performance on speech and language tests at age 5; 0 (see Stoel-Gammon (1992) for a more detailed summary). In each case, infants who produced more in the prelinguistic period (i.e. more vocalizations at age 0; 3 ; more CV syllables at age 1; 0) had superior performance on subsequent speech and language measures during childhood. The links between babble and speech have been interpreted as evidence that infants who produce a greater number of prelinguistic vocalizations, particularly a greater number of canonical utterances with a variety of consonants and vowels, have acquired a greater inventory of 'building blocks ' that can be recruited for the production of words. This finding holds for children with typical speech and language development, and even more strongly for those with speech-language disorders. Of course, these are correlations and not causal factors. The sections below show that the correlations appear to be attributed to a number of interrelated factors.
Postulate I-A: the sounds of babble underlie the phonological patterns of early word productions. Around the age of 0;6-0;7, most infants begin to produce consonant-vowel syllables that resemble the syllables or words of adult languages. The consonants in CV babble are not random, but tend to follow predictable patterns in terms of place and manner of articulation. [di] . Between age 0 ;6 and 1; 0, the consonantal repertoire expands considerably, but claims that babies produce all the sounds of all languages of the world have not been substantiated (Jakobson, 1968) . In fact, a limited set of consonants, primarily stops, nasals and glides, as noted above, accounts for the great majority of consonant productions (Vihman, 1996) .
Although non-meaningful, prelinguistic vocalizations may be phonetically identical to children's later pronunciations of real words. Thus, the babble [mama] at age 0; 7 can become the word mama at age 0;10, and nonmeaningful [ba] at age 0; 8 can later signal the word ball. In first words, as in babble, there is a predominance of CV syllables, consonants produced in the front of the mouth, and a high proportion of stops, nasals and glides (Oller, Wieman, Doyle & Ross, 1976) . In a study of the first ten words of fifty-two children, Bernhardt & Stoel-Gammon (1996) reported that 90 % of the children produced CVCV words among their first ten words, and all children produced words with stop consonants. As in babble, words with final consonants at this stage were infrequent and words with fricatives and liquids were very rare.
Early words such as mommy, daddy and byebye conform closely to the patterns of babble and appear early in the receptive vocabulary ; for production, moving from a non-meaningful to a meaningful vocalization is a matter of adding meaning to sound. In addition to common preferences evident in babble and words, individual differences have been documented ; here again, findings support the notion of continuity between babble and speech : child-specific prelinguistic vocal patterns in place and manner of articulation of consonants, syllable shape, and vocalization length are carried forward to the production patterns observed in first words (Stoel-Gammon & Cooper, 1984 ; Vihman, Macken, Miller, Simmons & Miller, 1985) .
The effects of babble are also apparent in children with atypical development. As one might expect, young children with hearing loss exhibit a delay in the use of words ; however, correlations between frequency and complexity of CV syllables in non-meaningful vocalizations and the appearance and use of spoken words in the period of meaningful speech have been documented for this group as well (Moeller et al., 2007) . Among children with cleft palate, another population with atypical vocal development, increased use of CV syllables and syllables with stops consonants in the prelinguistic (and pre-surgery) period predicts the earlier appearance of words and faster vocabulary development after surgical repair of the cleft (Chapman, Hardin-Jones & Halter, 2003) .
Postulate I-B: babble provides motor practice for the spoken forms of early words and for the formation of an auditory-articulatory loop. Speech production has a skill component and, as with any skilled activity, practice increases the control and precision with which a movement is performed. The more often the baby produces the movements that shape the vocal tract to produce particular sounds and sound sequences (e.g. the syllable [ba]), the more automatic those movements become and ultimately the easier it is to execute them in producing meaningful speech. Vihman (1992) reported that individual patterns of frequently occurring consonant-vowel syllables in babble (' practiced' syllables) formed the basis of child-specific patterns found in word productions. Vihman argued that babies who have a large stock of practiced syllables have an advantage in early word acquisition because they have a larger repertoire of phonetic forms to which meaning can be attached.
As they vocalize, babies hear (and feel) their productions, and thus can link their own articulatory movements with the resulting acoustic signal, a link that is essential for the production of words. The baby who repeatedly produces the non-meaningful forms [ba] and [mama] at age 0 ;7 becomes aware of the tactual and kinesthetic sensations associated with these productions and hears the acoustic output, creating an auditory-articulatory ' feedback loop ' that is fundamental to speech production throughout life (Fry, 1966 ; Stoel-Gammon, 1998a) . At the same time, babies begin to recognize similarities between their own production of [ba] or [mama] and the adult production of ball or mommy; awareness of this auditory-articulatory link draws attention to adult words that are phonetically similar to the baby's output and provides the basis for the stored representations needed for the comprehension and production of words of the ambient language (Locke, 1993 ; Stoel-Gammon, 1998a ; Vihman, 1996) .
Postulate I-C: reduced use of canonical babble is associated with delays in lexical development. For most American children, the first words are produced by age 1; 3 and a productive vocabulary of 300 words is in place by age 2;0. There are, however, children who fail to achieve these language milestones at the expected ages. For example, ' late talkers ' are described as having hearing and cognitive abilities within the normal range, but a vocabulary of fewer than ten words at age 1; 6 and fewer than fifty words at age 2;0. The prespeech development of these children is characterized by a delay in the onset of CV syllable use, and vocalizations that are composed of smaller consonantal inventories and simpler syllable structures than children with typical development (Paul & Jennings, 1992; Rescorla & Ratner, 1996 ; Stoel-Gammon, 1991) .
Postulate I-D : adult-child vocal interactions influence infant babble and provide support for word learning. Goldstein, King & West (2003) reported that adult feedback in the form of ' interactive proximate responses ', such as imitations, was associated with higher use of more advanced vocalizations such as CV syllables, thus increasing the likelihood of the occurrence of this type of babble. In a subsequent study, Gros-Louis, West, Goldstein & King (2006) found that mothers' responses to vowel-like vocalizations differed from those to CV vocalizations : in general, mothers tended to respond to CV productions with ' language-expectant ' responses such as acknowledging (e.g. oh really?), naming (e.g. it's a cup) or imitating/expanding (e.g. imitation : Mama; expansion : Mama. Yes, and dada is working) ; in contrast, the highest response rates for vowel vocalizations were acknowledging, vocal play (e.g. use of a sound effect like ' vroom ') and questions. Notably, the rate of imitation of CV vocalizations was eight times the rate of imitation of vowel-like vocalizations. Gros-Louis et al. (2006) concluded that the differential responses encouraged the use of particular sounds and syllable types in the infant vocal output.
The mutual reinforcement of caregiver verbalizations and infant vocalization continues into the second year of life. Tamis-LeMonda, Bornstein & Baumwell (2001) reported that caregiver responsiveness at ages 0 ; 9 and 1 ; 1 predicted the timing of several language milestones ; of particular interest for the relationship between phonological and lexical development is the finding that maternal imitations and expansions of children's vocalizations at age 1; 1 (a time when most of the vocalizations are non-meaningful) predicted the age of acquisition of a productive vocabulary of fifty words. These findings are consistent with those of Velleman, Mangipudi & Locke (1989) , who examined maternal contingent responding and found that higher levels of phonetic contingency, but not semantic contingency, were associated with greater increases in language development over twelve months.
Adult input and child output are mutually reinforcing : maternal imitations tend to cause an increase in infant vocalizations and these vocalizations, in turn, are likely to elicit maternal imitations that, once again, increase the rate of infant vocalizations (Veneziano, 1988) . Thus, prelinguistic vocalizations provide a starting point for social-communicative interactions between caretaker and child. Routines of conversational turn-taking occur when infants are as young as age 0 ; 3; these 'proto-conversations ' are characterized by alternation of speaking and listening, with appropriate pauses after a vocalization/verbalization. Initially, caregivers accept almost any behavior, even vegetative noises, as the baby's 'turn ' in the conversation. Later, they become more selective, responding to speech-like babbles, but not to burps or coughs (Snow, 1977) . Even later, adult feedback is directed toward productions that resemble words : in response to a vocalization that sounds like [mama] or [daedae], English-speaking parents are likely to imitate the form, providing the infant the context needed to relate sound and meaning. As a consequence, the infant's non-meaningful productions have a good chance of becoming early-acquired words.
In summary, the investigations of prespeech development yield a picture of interacting elements that contribute to the prespeech repertoire and ultimately to the productions of words. First, we have physiological bases that allow infants to hear and to vocalize. As they mature, infants establish a repertoire of speech-like vocalizations (' building blocks ') that become practiced CV syllables, the units that form the basis of spoken words. Second we have the vocal/verbal interactions between caregiver and child. The caregivers imitate and encourage the speech-like vocalizations they hear, and highlight the similarities between the infant output and words of the target language. Third, we have the feedback loop that serves two functions : (a) upon hearing their own vocalizations, babies can determine the associations between oral motor movements and sound and begin to establish an articulatory-auditory loop ; and (b) the feedback loop allows babies to compare their productions with those of their caregivers, noting the similarity between their babbled form, e.g. [mama] and the word mama. The role of caregiver feedback in this scenario varies across socioeconomic class, language and cultures ; the expectations of middle-class American parents tend to be high-end, a factor that may be associated with relatively rapid vocabulary growth (see Bleses et al., 2008a) .
During the period of early meaningful speech, children move from nonmeaningful vocalizations to words, with several months of overlap between babble and speech. The postulates below summarize investigations of early lexical and phonological development, once again focusing primarily on children with typical development and the acquisition of American English.
Postulate II: early lexical development is influenced by the phonological form of the adult word and by the child's productive phonology There is considerable variation in the age of appearance of the first words : some children with typical development produce the first adult-based form as early age 0; 9 ; others may not have identifiable words until around age 1;3. Once a child has moved into the stage of meaningful speech (often defined as the stage at which a child's productive vocabulary has 5-10 words), the lexicon grows to 50-60 words by age 1; 6, rising to about 300 words by age 2; 0, and 2,500-3,000 words at age 4;0 (Anglin, 1989) . As noted previously, in order to produce an adult-based word, children must be aware of the link between a particular sequence of speech sounds and a particular meaning; they must also have some knowledge of the articulatory movements needed to produce the sequence of sounds in the target word. For some words, the sequence of speech sounds may have occurred in the child's babble, as in the case of the non-meaningful [ba] used subsequently for the word ball. Other target words, such as cheese or caterpillar involve learning not only the link between sound and meaning, but also a new set of articulatory movements to produce a form that resembles the target. The disparity in the amount of learning involved in acquiring words such as ball and cheese leads to the prediction that, other things being equal (e.g. input frequency, part of speech), target words with phonetic properties that mirror a child's prelinguistic vocalizations will be acquired earlier than words with features (e.g. speech sounds, syllable shapes) that are not present in the prespeech repertoire. As shown in the preceding postulates, development in the prelinguistic period affects multiple areas of subsequent language development, including the age of onset of meaningful speech and rate of vocabulary growth (see Postulate I), as well as the selection of words for inclusion in the early lexicon.
Postulate II-A: some children exhibit preferences for words with particular sounds and sound classes. The words that comprise the child's early vocabulary are determined not only by semantic and pragmatic factors, but also by the child's productive phonological abilities. Observational studies show that individual children display patterns of 'lexical selection and avoidance ' that reflect their own phonological abilities and preferences. In their seminal study, Ferguson & Farwell (1975) analyzed longitudinal data from three young children and identified phonological influences on lexical acquisition. Notably, one child's vocabulary included the words shoe, cheese, cereal, ice and eyes. These words are interesting for two reasons : (1) they are relatively uncommon in the vocabularies of young children acquiring English ; and (2) they all contain sibilant fricatives and affricates. The presence of words with sibilants was surprising in that consonants in this sound class are not common in babbling and are rarely produced correctly in child speech. Although the child's pronunciation of the words was not entirely accurate, she was able to produce each with a sibilant consonant. Ferguson & Farwell used the term ' lexical selection ' to describe the child's preference for words with a particular type of consonant. Stoel-Gammon & Cooper (1984) reported on the first fifty words of three children, one of whom, Daniel, had a high proportion of words ending in velar stops [k] or [g], e.g. quack, rock, clock, sock, whack, milk, frog, yuk, block and walk, with many of these words produced as [gak] . Of Daniel's first fifty words, 22% ended in a velar stop compared with 8 % and 4% of velar-final words for the other two children. Stoel-Gammon & Cooper noted that the presence of lexical selection and a preferred articulatory routine such as [gak] , often resulting in many homophonous forms, was associated with a relatively fast rate of lexical acquisition compared to the children who did not display lexical selection or a preferred vocal motor routine (see the discussion of templates below).
With observational studies, it is not possible to rule out the effects of input -perhaps the child who produced many words with final /k/ acquired these words early because they were among the most common words he heard. To test this possibility, Leonard, Schwartz and colleagues (Leonard, Schwartz, Morris & Chapman, 1981 ; Schwartz & Leonard, 1982 ) designed a set of experiments examining children's ability to learn novel words with phonological characteristics that were either part of the individual child's productive repertoire or were not. In two studies with children aged 1; 2-1 ; 10, the researchers first determined the phonological characteristics of each child's speech and then constructed a set of 'test ' words that were paired with objects and actions. Half of the test words were phonologically ' IN', defined as having consonants that the child had been observed to produce accurately in over 50 % of the attempts at adult words, and half were phonologically ' OUT ' : words that contained consonants not produced by the child during the speech sample. An experimenter introduced the new word to the children, controlling the number of times each word was heard. After ten biweekly training sessions, the children were tested on the words. Overall, the children in both studies attempted to produce more words with consonants that were IN their phonological repertoires than words with consonants that were OUT of their repertoires. In terms of comprehension, however, there were no differences between IN and OUT words. The experimental studies provide strong evidence that children's productive phonologies influence the words that are present in their early vocabularies. They also suggest that children have tacit knowledge of their own phonological abilities.
Postulate II-B: some children build their early vocabulary around ' whole-word ' phonological patterns of adult words. The notion of lexical selection introduced by Ferguson & Farwell (1975) focused primarily on preferences for words with a particular sound or sound class ; similarly, Leonard and colleagues designed their experimental word lists around consonants that were IN or OUT of a child's phonological system. Rather than selecting words with particular sounds or sound classes, some children appear to focus on ' whole-word patterns ' or 'templates ' derived from words that share a set of phonological features including the suprasegmental feature of stress and number of syllables as well as sound types. Using their own well-practiced output patterns, children then create a production pattern for a set of words that conform to the template. For example, Waterson (1971) reported that, at age 1; 6, her son's pronunciations of the words another, finger, Randall and window was very similar : each target was produced as a CVCV form wherein the consonants were palatal nasals (a consonant that is not a phoneme of English). Waterson noted that it was difficult to relate the child's form of the words to the adult target using an analysis based on segment-by-segment matching ; the pronunciations did, however, conform to a whole-word pattern. Waterson argued that her son noticed certain similarities in the target words, namely presence of a nasal consonant and stress on the antepenultimate syllable, and then replicated these features using an articulatory routine he was capable of producing.
The use of production templates appears to provide the child with a means of producing a range of adult targets with a relatively simple output form. Vihman & Croft (2007 ;  see also Macken, 1996 ; Velleman & Vihman, 2002) highlight many cross-language examples of children using templates in the early stages of acquisition, arguing that children build upon their individual phonological preferences and then select adult words that conform to these preferences. Once again, the child appears to choose adult words on the basis of the interplay between the phonological features of the target and the child's own production patterns. Initially, the words selected are relatively close to the child's output patterns and thus tend to be quite accurate, whereas later-acquired forms may be ' adapted ' to fit into the child's preferred output and consequently may show less accuracy than earlier forms (Velleman & Vihman, 2002) . In some cases a production template yields forms that bear little resemblance to the target words. For example, Leonard & McGregor (1991) . In cases like this, the apparent idiosyncratic productions can be seen as systematic once the template becomes evident. Further discussion and examples of templates can be found in Macken (1996) and Vihman (1996) .
Postulate II-C: patterns of lexical selection are evident beyond the first-50-word period. Although individual differences have been highlighted in the studies of lexical selection described above, general patterns of selection are also apparent across children with larger vocabularies. Stoel-Gammon's phonological analysis (1998b) of 596 words from the MacArthur Communicative Development Inventories (CDI ; Fenson et al., 1993) showed that the CDI words tend to be short, either monosyllables (60% of words) or disyllables (35 %). The most common word shapes are CVC and CVCV and consonant clusters are relatively rare, occurring in 19% of the words in initial position and 13% in final position. Stress placement is extremely uniform across the sample. Of the 242 words of more than one syllable, 90% have stress on the first syllable. These highly frequent patterns provide a general template for the target forms of earlyacquired words of American English : they are less than three syllables, are unlikely to have a consonant cluster and, if longer than one syllable, are stressed on the first syllable.
Detailed analyses of the segmental characteristics of the first 100 words acquired by American children (based on Dale & Fenson's age-of-acquisition norms, 1996) revealed a predominance of stops in initial position (57% of the words) and a strikingly high proportion of words beginning with /b/, which accounted for 22% of the initial phonemes of these words (Stoel-Gammon, 1998b) . The high proportion of /b/-initial words is a good example of a general lexical selection pattern, as it is not a general characteristic of the phonology of English : words with initial /b/ account for about 5 % of the words in the adult lexicon and about 8 % of words spoken to children under age 2; 6 (Stoel- Gammon & Peter, 2008) . Further analysis of the ageof-acquisition data from the CDI showed that the proportion of /b/-initial words exceeds 22 % when the average lexicon size is less than 100 words (Stoel-Gammon, 2008 ).
Postulate III: lexical development and phonological development tend to be commensurate Studies of individual differences in the rate of lexical development provide a good test of the association between lexical and phonological development : children with large vocabularies have more advanced phonological systems than those with small vocabularies. This relationship is very apparent among late talkers, for whom a limited phonological system goes hand-in-hand with a small productive vocabulary (Stoel-Gammon, 1991), even when the phonetic analysis includes non-meaningful (i.e. uninterpretable) utterances as well as identifiable word productions. Paul & Jennings (1992) compared the phonologies of late talkers and control subjects matched for age, sex and socioeconomic status, and reported that all of the late talkers were phonologically less advanced than their age-matched peers with regard to the number of different consonants produced, complexity of syllable structures, and accuracy of consonants in word productions. In a later study involving late talkers and a control group of age-matched peers with typical development, Rescorla & Ratner (1996) reported that late talkers, aged 2 ; 0-2 ; 7, displayed significantly smaller inventories of consonants and vowels and greater proportional use of open syllables (vowel only or consonant-vowel) and vocalized less frequently than the controls. As in the study by Paul & Jennings (1992) , the phonological systems of the late talker group resembled the systems of younger children with typical development. Rescorla & Ratner hypothesized that the low rates of vocalization and phonological delay are interdependent for the late talkers, indicating a bidirectional relationship between child vocalization and lexical development. Specifically, they claim that some children may have underlying phonemic inadequacies, causing them to vocalize less than typically developing children (consistent with Postulate I-B). This paucity of vocalization reduces their opportunities for the vocal practice that is thought to facilitate phonological development. Moreover, these quiet infants and toddlers may miss out on important conversational interactions with caregivers that can promote language acquisition (see Postulate I-D above).
The phonological development of young children with unusually large vocabularies has received relatively little attention, but can also shed light on the relations between lexical and phonological development. Stoel-Gammon & Dale (1988) examined the phonological patterns of a group of 'precocious ' talkers, that is, children who had productive vocabularies of 400-600 words at age 1; 6, far exceeding the average vocabulary of 50-60 words. Comparisons of the phonetic inventories of the precocious talkers at age 1 ;8 with a group children aged 1; 9-2 ; 0 with typical development revealed differences in both the size and nature of the consonantal repertoire. At age 1 ; 9, the inventories of the typically developing children contained, on average, 6 . 7 consonants in word-initial position and 3 . 6 consonants in final position. By age 2 ; 0, the inventories had increased to 9 . 5 consonants in initial position and 5 . 7 consonants in final position. For the precocious talkers, the average phonetic inventory at age 1;8 included 11 . 7 word-initial consonants and 7 . 4 word-final consonants. Thus, precocious talkers at age 1 ; 8 had larger phonetic inventories than the typically developing children at age 2 ; 0. Smith, McGregor & Demille (2006) reported similar findings in their study of pronunciation accuracy in productions of 'lexically precocious ' two-year-olds compared with a group of age-matched peers and an older group matched for lexicon size. Finally, in a study of slightly older children with typical development, Schwarz, Burnham & Bowey (2006) found that articulation accuracy, based on an articulation test, predicted vocabulary size at ages 2; 6 and 2; 9.
In sum, studies of the phonological development of children with exceptionally large or exceptionally small vocabularies, i.e. precocious talkers and late talkers, as well as children with typical development, yield the same findings. Lexicon size and phonological skills are commensurate : precocious talkers are advanced in both domains and late talkers are delayed in both ; among children with typical development, vocabulary size and articulation abilities are correlated. Although the association between the two is apparent, it is difficult to determine the causal factor(s), and the influence is undoubtedly bidirectional to some extent. For late talkers, it would seem reasonable that phonological development is a limiting factor that inhibits lexical growth as the small repertoire of sounds and syllable types cannot support the production of a large set of words. For precocious talkers, in contrast, the large vocabulary may create a demand for a more advanced phonological system.
POSTULATE IV: underlying representations change as the vocabulary increases
Underlying representations (URs) are part of the mental lexicon that stores the information needed to recognize and produce words. Word recognition involves the ability to extract and store auditory phonetic information and link it to meaning, while word production requires linking a stored form (or forms) with articulatory details. Despite of decades of discussion and debate on the topic, there is little agreement about the number and nature of URs in the adult mental lexicon and even less agreement about URs in children. N. Smith (1973) , among others, argued that there is a single, adult-like UR for both the recognition and production of words by young children. Others have hypothesized the existence of two URs, an auditory representation for recognition of the adult word and an articulatory representation for production (see Menn & Matthei (1992) for a discussion of two-lexicon models). More recently, Beckman, Munson & Edwards (2007 ; Munson, Edwards & Beckman, in press) have posited two levels of representations, based on a different set of parameters : an item-based level involving a ' fine-grained ' representation of the patterns associated with hearing or producing a word, and a coarser, more abstract level with information about recurring sublexical phonological patterns. Finally, in contrast to the single-or dual-entry models of lexical representation, Sosa and Bybee (2008) propose a usage-based account of phonology in which representations are not fixed entities but emerge ' by generalizing over existing forms and extracting patterns of similarity ' (p. 484). Within this perspective, a single word may have multiple representations.
Postulate IV-A: when the vocabulary is small, underlying representations are stored as single, unanalyzed units. It has been suggested, even assumed, that children's early URs contain relatively little detail : a word is stored and retrieved not as a sequence of phonemes, but as a single unit (e.g. Metsala & Walley, 1998; Walley, 1993) . Initial support for this notion came from Ferguson & Farwell's (1975) observation that the children in their study often produced the same sound (phoneme) differently across different words and that some words were more variable than others. For example, one child produced the word pen ten different ways in a 30-minute period with pronunciations ranging from [hIn] ]. Although none of the versions was accurate, each included one or more features of the word pen, such as nasality, a labial or alveolar consonant, or a CVC word shape. The authors hypothesized that the child was aware of the phonetic features of the word and produced a subset of these in her output forms, but did not store and retrieve the word as a sequence of phonemes. Building on their observations of intra-and inter-word variability, Ferguson & Farwell (1975) suggested that the minimal unit of lexical representation in the early stages of word acquisition was the word or phrase, rather than the segment ; children may be sensitive to featural properties of a word, but lack knowledge of the way features are organized into sequences of phonemes. A change in the form of URs was postulated to occur when the vocabulary reached a critical mass, perhaps 50-100 words ; at this point, the number of holistic forms becomes too large to be kept in memory and the child begins to move towards a more segmental representation (e.g. Vihman, 1996 ; Vihman & Velleman, 1989 ; Walley, 1993) . Studies of speech perception, however, raise questions about the holistic nature of URs and the single-lexicon models, as there is evidence of attention to fine-grained phonetic detail in speech perception tasks by children even in the earliest stages of word learning (Swingley & Aslin, 2002) and evidence of sensitivity to the probabilistic phonotactic patterns of the ambient language in infants and toddlers (Jusczyk, 1997) .
A major difficulty with attempting to study URs is that our knowledge is only indirect, based on observations of behavior. In light of Ferguson & Farwell's findings regarding variability, Sosa & Stoel-Gammon (2006) examined longitudinal production data from four children with typical development, aged 1; 0-2 ; 0, to determine if changes in intra-word variability could serve as an indicator of a transition from whole-word to segmental production patterns. They found that variability over the 12-month period showed peaks and valleys rather than steady decreases as one might expect. Two children displayed a U-shaped learning curve with considerable variability at the beginning of the study, followed by a decline and then an increase in variability. There was no linear relationship between productive lexicon size and rates of variability, and no evidence of a general decline in variability across the children. These findings are not compatible with the notion that attainment of a vocabulary of 50-100 words is associated with phonological reorganization and the emergence of phonemic representation.
There is, of course, the possibility that intra-word variability is not a valid index of phonological reorganization ; if there is a link, however, the study of Sosa & Stoel-Gammon (2006) suggests that the influence only becomes apparent when the productive vocabulary exceeds 150-200 words. An alternative interpretation of these findings is that increases in variability, rather than decreases, indicate a transition between developmental stages. On this view, increased variability is interpreted as a marker of emergent systematicity (Vihman, 1996) . If this is the case, the findings of Sosa & Stoel-Gammon suggest that the onset of phonemic representation occurs after a child has a productive vocabulary of 150-200 words.
Postulate IV-B: an increase in vocabulary size results in greater detail in underlying representations and affects expressive phonology. During early and middle childhood, children with typical development exhibit tremendous growth in the size of vocabulary and in the development and refinement of their expressive phonological systems. By age 8 ;0, American children have achieved a receptive vocabulary of about 10,000 words (Anglin, 1989 ) and a productive phonology that is nearly adult-like. These developmental changes can be attributed to bidirectional influences between the phonological system and vocabulary (e.g. Beckman, Munson & Edwards, 2007 ; Edwards, Beckman & Munson, 2004 ; Hoff, Core & Bridges, 2008 ; Metsala & Walley, 1998 ; Vihman, 1996 ; Walley, 1993) . As children learn new words, they begin to recognize similarities across phonological forms and add sublexical information (about phonemes, phoneme sequences, syllables) to their URs. Metsala & Walley claim that growth in vocabulary leads to changes in the phonological structure of URs, a phenomenon that they refer to as the ' lexical restructuring hypothesis ' (1998). As before, the difficulty in assessing this hypothesis lies in the fact that URs can only be inferred from measurable behaviors, although experimental approaches to determining the nature of URs, summarized below, support the view of changes in representations with vocabulary growth.
E F F E C T S O F F R E Q U E N C Y , P H O N O L O G I C A L S I M I L A R I T Y A N D A G E O F A C Q U I S I T
The set of postulates listed above stem from ' child-centered ' perspectives of the associations between phonological and lexical development. Researchers have performed detailed phonological analyses of children's productions, or of target words, and linked them to the developing lexicon. Taken together, the findings support the view that children are active participants in acquiring their phonological system, relating their own output to adult input, recognizing phonological similarities across target words, and choosing words for their productive vocabularies that conform to their individual phonological skills. An alternative approach to examining associations between lexical and phonological development is derived from findings of language processing in adults, which highlight the role played by the lexical and sublexical patterns of the ambient language. This area of study is newer than the child-centered studies and, to date, the research has yielded both areas of general agreement and pockets of conflicting findings. The conflicts are likely related to differences in methodology, populations and underlying theoretical views. Given the lack of uniformity in the findings, the summaries below are presented as hypotheses or observations rather than postulates.
Three constructs related to lexical processing in adults have significant potential for our understanding of lexical and phonological development in children : (1) FREQUENCY of words, phonemes and phoneme sequences in the adult language ; (2) PHONOLOGICAL SIMILARITIES across words ; and (3) AGE OF ACQUISITION of words. In adults, word frequency affects processing in both perception and production : high-frequency words are associated with faster word recognition and are produced more quickly and more accurately (see Ellis, 2002) . Regarding phonological similarities across words, Luce & Pisoni (1998) , among others, proposed that words in the mental lexicon are grouped into ' phonological neighborhoods ' based on shared properties ; words are ' neighbors ' if they differ from each other by the substitution, deletion or addition of one phoneme in any position. Words with many neighbors reside in ' high-density ' neighborhoods, while words that have few or no neighbors reside in low-density neighborhoods. In general, high-density neighborhoods are associated with inhibition in tasks of word recognition and production by adults, presumably due to competition effects among phonologically similar forms (Luce & Pisoni, 1998) . Finally, studies indicate that the factor of age of acquisition, defined as the length of time a word has been in an individual's lexicon, affects word processing. According to Garlock, Walley & Metsala (2001) , word frequency and subjective reports of the age of acquisition contribute to the overall familiarity of a word, which may in turn influence the specificity and stability of the phonological representation in the mental lexicon. Due to potential confounds between age of acquisition and word frequency (high-frequency words tend to be early-acquired), it is difficult to tease out the independent effects of each of these factors.
Application of the constructs of frequency, neighborhood density and age of acquisition to developmental patterns in children is not straightforward. For example, measures of word frequency vary from one database to another. For adult investigations of English, these measures are often taken from the database of Kucera & Francis (1967) , who used several sets of written corpora as the basis of their word-frequency calculations. Although many investigations of the effects of frequency on the language development of American children have used this database, it seems reasonable to ask if this is appropriate, especially for children under the age of 3;0. Adult-based counts derived from written corpora will be different from counts based on child-directed speech ; for example, Goodman et al. (2008) showed that parent input frequency predicted age of acquisition substantially better than Kucera & Francis's adult norms. The same concern occurs with the notion of neighborhood density : with a productive vocabulary of less than 500 words, it is likely that the neighborhood density of a child's lexicon will differ substantially from that of a mature speaker. An additional concern is that the definition of phonological neighbors is based on the segmental properties of target words. If children's early word representations are holistic and adults' are segmental (as discussed above), defining neighbors as words that differ by a single phoneme may be inappropriate for studies of children. Lastly, the factor of age of acquisition can be reliably determined for young children using checklists like the CDI. For adult studies, this factor is highly subjective, typically determined by asking adults to estimate the age at which they learned a particular word. These estimates are likely to be influenced by their familiarity with the word. Once again, the outcomes of these two approaches may yield different findings for the two groups.
While the effects of frequency, neighborhood density and age of acquisition have been documented for adults (e.g. Garlock et al., 2001) , the role they play in the acquisition of expressive phonology is still being established. Most studies of children have examined the effects of these variables on children older than 4 ; 0 (beyond the age range of the focus of this article) and have examined aspects of speech perception or word recognition rather than production. The sections below present findings regarding possible relationships between these variables and phonological and lexical acquisition in young typically developing children. As before, the focus is on production rather than perception, on studies of children acquiring American English, and on preschool children with typical development. The first section discusses findings from experimental studies using a non-word repetition task while the second focuses on studies of real words.
Studies involving non-words
The majority of studies investigating the effects of lexical and sublexical properties of the ambient language on phonological production have used a non-word repetition task. Within this approach, productions of a carefully constructed set of non-words are elicited from the child and the accuracy of pronunciation is the single outcome variable. Hypotheses and observations stemming from these studies are summarized below.
Hypothesis: phonotactic probability and neighborhood density influence accuracy of production of non-words in children. Phonotactic probability refers to the relative frequency in a language of a single phoneme in a particular word position or to the frequency of a sequence of phonemes (bi-phones). Studies of infant perception reveal that babies are sensitive to the phonotactic probabilities of their native language : infants aged 0;8 are able to segment non-words from fluent speech based only on cues associated with transitional probabilities between individual syllables (Aslin, Saffran & Newport, 1998) ; infants aged 0; 9 listen significantly longer to high-probability as opposed to low-probability non-words (Jusczyk, Luce & Charles-Luce, 1994) . Thus, prior to the acquisition of a productive or receptive lexicon, infants appear to be aware of the sound patterns of their native language.
Phonotactic probability also affects production : studies using non-word repetition tasks have shown that children exhibit greater accuracy in the production of segments and segment sequences with high phonotactic probabilities (e.g. Zamuner, Gerken & Hammond, 2004) . For example, Zamuner et al. (2004) analyzed repetitions of nonsense words in high-and low-probability CVC syllables and found that children aged 1 ;8-2;4 were more accurate in their productions of final consonants in high-probability forms. In a study of Dutch children aged 2; 2-2;8, Zamuner (2009) created a set of nonsense CVC words controlled for phonotactic probability and neighborhood density ; each consonant occurred in initial and final position and, for each position, in a high-and low-frequency environment, based on the bi-phone frequencies of Dutch. Findings showed that both initial and final consonants were produced more accurately in high phonotactic probability sequences. Further examination of the data revealed correlations between vocabulary size and repetition accuracy for initial, but not final, consonants.
With an older group of participants, Beckman & Edwards (2000) investigated the influence of bi-phone frequency on imitations of nonsense words by children aged 3; 2-5 ; 0. Accuracy scores were significantly higher for the frequent CV and CC sequences, but there was no advantage for frequent VC sequences. The results suggest that the position of a sound/ sound sequence within the syllable affects accuracy, but differ from the investigation of Zamuner et al. (2004) , who reported that production of final consonants (i.e. consonants in VC sequences) in high probability sequences was more accurate than initial consonants.
Non-word repetition tasks were also used by Edwards, Beckman & Munson (2004) to examine the relationship between bi-phone frequency and production accuracy in children aged 3 ; 0 to 8;0. Consistent with previous work, their findings indicated that low-frequency sequences were produced with less accuracy than high-frequency sequences. In addition to analyzing accuracy, the authors made acoustic measures of segment durations and found that productions of the same target phoneme were longer in low-frequency than in high-frequency sequences. For example, the phoneme /v/ was longer in the non-word /vugim/, where it occurs in a low-frequency environment, than in the high-frequency sequence /vI-/ in the form /vIdaeg/. This finding was interpreted as evidence that productions of less-frequent sequences are less ' fluent ' than productions of frequent sequences, presumably because they are less practiced. The authors noted that the influence of frequency declined with increases in vocabulary size (and age). In a follow-up study with a different set of stimuli, Munson, Edwards & Beckman (2005) analyzed non-word repetitions in two groups of children aged 3; 3-6 ; 4, one group with typical development, the other with phonological disorders. They reported greater accuracy for high-frequency bi-phones (phonotactic frequency) that was independent of speech perception and articulatory ability. The authors concluded that their results 'support a model of phonological ability in which children's flexible control over phonemes emerges gradually as they amass lexical items and develop stable mappings across acoustic, articulatory and semantic characteristics of those items ' (p. 76) .
In view of the close relationship between neighborhood density and phonotactic probability, it is not surprising that density also appears to influence young children's repetitions : non-words from high density neighborhoods (with high phonotactic probability) are produced more accurately than non-words from low density (and low phonotactic probability) neighborhoods (Beckman & Edwards, 2000 ; Edwards et al., 2004; Zamuner et al., 2004; Zamuner, 2009) . Acknowledging that the phonotactic probability effect they found could be interpreted as a neighborhood density effect, Zamuner and colleagues (2004) reanalyzed the non-words in their study according to neighborhood density ; they found that high-probability words were typically high density and low-probability words were low density, making it impossible to determine the relative effects of the two factors. The factor of neighborhood density is discussed further in the section on cross-linguistic studies below.
Taken together, the studies of phonotactic probability indicate that production accuracy in children is linked to frequency of occurrence of a phoneme or phoneme sequence in the ambient language. These findings are consistent with those of Stoel-Gammon (1998b) , who showed that frequency of occurrence of initial consonants of real words from the CDI (i.e. real words produced by young American children) was strongly correlated with measures of correct production at age 3;0 (r=0 . 71). There was also a relationship between accuracy and frequency of occurrence of final consonants, although the correlation was weaker.
The experimental studies cited above all used the same basic methodology : children were asked to repeat a set of nonsense words, an approach that allows investigators to control phonotactic probability and other confounding variables. Interpretation of findings based on this approach is not straightforward; as noted by Coady & Evans (2008) , there is no agreement regarding exactly what non-word repetition tasks tell us about language learning, although most researchers agree that accurate repetition of non-words involves elements of perception, lexical organization and production (see Gathercole (2006) and related commentaries for an extensive discussion of findings from non-word repetition tasks). Specifically, in order to achieve an accurate production of a non-word, a child must be able to :
(1) accurately perceive the non-word form ; (2) store the form in short-term memory ; (3) retrieve the form from memory; (4) create an articulatory plan for producing it ; and (5) implement the articulatory plan. The associations between vocabulary size and accuracy on non-word repetition tasks are presumably related to language experience : the more often a child hears or says a known word, the greater that child's familiarity with the sounds and sound sequences of the ambient language. B. Smith (2006) , however, provides a cautionary statement regarding interpretation of outcomes, noting that, although we can identify production errors, we do not know the underlying cause; mispronunciations may be due to problems with perception, storage, retrieval or articulation, or to some combination of these.
While the findings from these experimental tasks are quite uniform, it is important to note that production of non-words reflects different processes than those involved in the production of known words. To produce a known word, the child must first retrieve a stored representation from long-term memory and then produce it without benefit of a spoken model. In terms of accuracy, it is likely that productions of known words may differ from those of non-words (see Hoff et al., 2008) . As noted in the earlier discussion of underlying representations (Postulate IV-B), larger vocabularies presumably facilitate organization of the input into smaller units. One area of conflicting findings relates to vocabulary measures : Coady & Evans (2008) state that the relationship between non-word repetition accuracy and vocabulary size holds only for receptive vocabulary, whereas Munson and colleagues (Munson et al., 2005) present findings indicating that accuracy is related to both receptive and productive vocabulary.
Studies involving real words/known words
At present, there is a clear need for more studies of the effects of frequency, neighborhood density and phonotactic probability based on investigations of the acquisition and production of real words. One hypothesis and two observations from the few available studies are summarized below.
Hypothesis: real words from high-density neighborhoods are produced more accurately than words from low-density neighborhoods. On the basis of findings with non-words, one would expect a link between neighborhood density and accuracy for known words, as the URs for words from dense neighborhoods
would presumably contain greater detail in order to differentiate among phonologically similar forms. Sosa collected longitudinal language samples from fifteen children aged 2; 0-2 ; 5 (Sosa, 2008) and analyzed a subset of words within the framework of ' usage-based ' phonology (Bybee, 2001) . Usage-based theory emphasizes the role that language use plays acquiring a language ; for phonology, the theory highlights the importance of input and production in the instantiation and ongoing development of the phonological system. The children in Sosa's study showed a facilitative effect of neighborhood density on production : words from dense neighborhoods (as determined by the 20,000-word database of Nusbaum, Pisoni & Davis, 1984) were produced more accurately and with less variability than words from less dense neighborhoods. These findings support the notion of an interaction between the size and structure of the lexicon and the developing phonological system, as posited in the studies using non-words.
Observation 1: influences of phonotactic probability, neighborhood density and word frequency on word acquisition vary across children. Maekawa & Storkel (2006) analyzed nouns occurring in the conversational samples of three children acquiring American English to determine the effects of lexical and sublexical patterns on word acquisition. Multiple samples were analyzed for each of the children, who ranged in age from 1;4 to 1;10 at the beginning of the study and 2 ; 10 to 3 ; 1 at the end ; samples contained between 174 and 767 different root nouns. Variables of interest included : (1) age of first production of each noun, a child-specific variable ; (2) phonotactic probability and neighborhood density of each noun as determined by analysis of a 20,000-word dictionary (Nusbaum, Pisoni & Davis, 1984) , a phonological variable based on the adult lexicon; (3) frequency of occurrence of each noun, based on adult data from Kucera & Francis (1967) , a lexical variable based on the adult lexicon ; and (4) length of each noun as measured by the number of phonemes, a phonological variable based on the children's lexicons.
Regression analyses indicated that word length (number of phonemes) was the only factor which affected age of first production for all three children ; the other variables affected only one child each. The preference for shorter words mirrors Stoel-Gammon's finding (1998b) based on her analysis of 596 words from the CDI, showing that words (not just nouns) of more than two syllables were quite infrequent in the CDI corpus, accounting for about 6 % of the words. In discussing their findings, Maekawa & Storkel suggested that the differences observed among the three children might be linked to differences in stages of linguistic development.
Observation 2: relationships among the variables of word frequency, age of acquisition and production accuracy are unclear. In adults, word frequency has a facilitative effect on both perception and production. For children, it would seem logical to predict that words that are produced frequently would be less variable and, perhaps, more accurate due to the influence of motor practice. Findings in this domain are conflicting, however, as different approaches to measuring word frequency have yielded different results. Tyler & Edwards (1993) measured frequency using a child-specific approach, counting the number of times a word was used in speech samples from two young children. With this metric, they found that accurate productions of voiceless stops emerged first in high-frequency words. Velten (1943) , in contrast, determined word frequency by diary of his daughter's speech. He reported that the words produced most frequently were the last to change (i.e. remained inaccurate longest) when a new phonemic contrast entered her phonological system. Velten's finding may be related to the observation above (see Postulate I-B) that vocal motor patterns that occur frequently may be more 'automatic' and thus resistant to change when new sounds and sound contrasts enter the child's phonological system. Sosa (2008) used the Kucera & Francis (1967) word counts, based on adult corpora, to examine the relationships among word frequency, age of acquisition, and variability and accuracy of production. They reported that fifteen children, aged 2; 0-2 ; 5, produced high-frequency words with less variability than low-frequency words, but did not find a relationship between word frequency and accuracy of production. In terms of effects of age of acquisition, later-acquired words were produced with greater accuracy than early-acquired words at the same age point, perhaps because pronunciation of the early-acquired words had become associated with automatic vocal motor patterns, while later-acquired words entered the lexicon at a time when the child's production abilities were more advanced. Statistical analyses showed no significant relationship between variability of production and age of acquisition. Given the limited number of studies and the disparities in the findings and in the measurements of word frequency, it is not possible to make a definitive statement regarding the role of word frequency and measures of production. In the future, it would be ideal to examine effects of word frequency using a variety of measures including : (1) adult counts (e.g. Kucera & Francis, 1967) ; (2) general counts of input to children based on corpora from many children ; (3) general counts of child output based on corpora from many children ; and (4) frequency counts of word input and output in individual children.
In sum, findings from investigations of non-words and real words indicate that children are sensitive to the statistical properties of their language and that these properties influence both accuracy of production and the organization of the mental lexicon. The findings extend our understanding of phonological and lexical development by examining the effects of word frequency, phonotactic probability and neighborhood density and, to some extent, the role of age of acquisition. At present, however, findings in some domains are conflicting ; differences in methodology and in the age of participants make it difficult to compare across studies.
S U M M A R Y A N D D I S C U S S I O N
Although both the child-centered investigations and adult-based studies discussed above focus on the relationship between lexical and phonological development, they have used different methodologies, different datasets and different underlying frameworks. The child-centered studies in the first part of this article have mainly focused on the earliest phases of language acquisition and have stressed the foundational role of prelinguistic development in early lexical and phonological development. Taken together, the studies suggest that, from birth to age 2 ; 6, the developing phonological system affects lexical acquisition to a greater degree than lexical factors affect phonological development. The form of an infant's prelinguistic vocalizations shapes the vocal and verbal exchanges with caretakers; infant output is linked to adult input that, in turn, provides the infant with a basis for identifying words, establishing URs and creating auditory-articulatory links. According to this approach, the child is an active learner within the developmental process.
In contrast, the adult-based studies highlight external factors with a focus on lexical and sublexical (phonological) features of the ambient language. These studies rarely consider the role of babbling (but see Beckman et al. (2007) and Munson et al. (in press) , who acknowledge the importance of prelinguistic development) and make no mention of social, interactive influences on early lexical acquisition. Individual differences also receive little attention in the adult-based, ambient language perspective. As shown by the child-centered studies, young children appear to have some knowledge of their own production abilities and choose words for their vocabulary that closely match their production preferences, or words that can be modified to fit with those preferences. For the most part, early patterns of lexical selection are related more to individual production preferences than to characteristics of the ambient language.
At the same time, effects of ambient language properties receive little attention in the child-centered studies. These effects are apparent in the early stages of word learning : neighborhood density plays a role in the age of acquisition of nouns (Storkel, 2009) and in accuracy of production (Sosa, 2008) . In both cases, words from denser neighborhoods (with density determined by an adult database) had an advantage (earlier acquisition, increased accuracy). It would be interesting to examine the factor of neighborhood density using a database of children's words or even words from a particular child.
Q U E S T I O N S A N D F U T U R E D I R E C T I O N S
Many unanswered questions remain regarding the interactions between lexical and phonological development. Three of these are presented below.
Methodology
Differences in methodological approaches make it difficult to compare findings across studies and determine the relative role of various factors. These differences include : (1) naturalistic vs. experimental investigations ; (2) the use of real vs. nonsense words ; (3) the use of different databases for determining ambient language effects ; and (4) the use of different outcome measures for determining underlying representations. Issues in this domain have been noted above. Systematic studies of the effect of these methodological variations are much needed.
Cross-linguistic studies
The research cited in this review article is based almost exclusively on American English. We must be careful not to assume that all the findings from studies of English will be replicated in investigations of other languages. Importantly, English differs from may other languages in terms of syllable and word structures, as it as characterized by a high proportion of CVC words and a low proportion of words with more than two syllables. Both of these characteristics affect analyses based on neighborhood density, one of the factors shown to influence both age of acquisition and accuracy in children. Languages with a higher proportion of open syllables, such as Spanish, and/or a higher proportion of words of three or more syllables, such as Finnish or Japanese, will generally have less-dense neighborhoods, as longer words tend to have fewer neighbors. Exactly how these, and other, cross-linguistic differences will affect accuracy and/or lexical organization is not known ; this issue should be addressed in future studies. A recent cross-linguistic study by Edwards & Beckman (2008) provides a good starting point for this type of research (see also Munson et al., in press ).
Investigations of differences in the statistical properties of different languages will shed light on universal and language-specific properties of the interactions between lexical and phonological acquisition. To take one example, Ota (2006) examined truncation patterns in three children acquiring Japanese, seeking to determine the relationships between the frequency of truncation in child speech and lexical and structural frequency in maternal input. He found that words occurring more frequently in the input (i.e. lexical frequency) were less likely to truncate in the children's productions, but that there was no relationship between truncation rate and the overall frequencies of prosodic word structures in the input. Ota cautions that researchers must be careful to separate lexical factors from structural effects in determining effects of frequency.
As noted earlier, rate of vocabulary acquisition varies across languages. Some of the variation is likely due to differences in cultural attitudes and child-rearing practices, and some to variation across linguistic and phonological systems. In their discussion of findings from the Communicative Developmental Inventories of various languages, Bleses et al. (2008a ; 2008b) suggest that the relatively slow early vocabulary development among Danish children is related, in part, to the phonological patterns of Danish. On the same topic, Tardif et al. (2009) cite phonology as one explanation for their finding of substantial differences in the rate of vocabulary acquisition in children acquiring Mandarin and Cantonese. At age 2;0, the mean vocabulary size for Mandarin learners (from Beijing) was about 550 words, compared with 300 words for Cantonese learners from Hong Kong. (By comparison, the mean vocabulary size of American two-year-olds is 307 words ; for Swedish, the number is approximately 180-200 words (Bleses et al., 2008a) .
Accuracy and stability of children's productions
Many of the studies cited above used accuracy of production as the prime behavioral indicator of lexical organization. While production data can provide useful information on the way in which children are structuring input-output relations, accuracy may not be the most appropriate measure of change, particularly in the early stages of development (Vihman, 1996) . To take an example cited earlier, Waterson's son produced the words another, finger, Randall and window using a CVCV output pattern where the consonants were palatal nasals (not part of the phonemic system of English) and the vowels were reduplicated. The boy's productions bear little resemblance to the targets in terms of accuracy; they do, however, provide information on the underlying organizational structure the boy was using, to link his productive phonology to words in his vocabulary.
Finally, the interrelationships among accuracy, variability and underlying representations should be further explored. How do we interpret data showing that a child's pronunciation of a word is stable but inaccurate vs. data showing that the pronunciation is variable, ranging from one inaccurate form to another, or ranging from inaccurate to accurate. Production variability may indicate that a word has a ' fuzzy ' UR wherein the details are not fully formed; alternatively, it may be an indicator of a transition from one output form to another, or a sign of motor immaturity. Word productions that involve a stable, but inaccurate, pronunciation, are also subject to alternative interpretations : on the one hand, we could say that the UR for the form is stable, but incorrect ; on the other hand, the UR could be stable and adult-like, and the mispronunciation linked to practiced, incorrect motor routines, or to lack of motor abilities.
In conclusion, research to date shows the existence of bi-directional links between phonological and lexical development in children from birth to age 4; 0. At this point, questions remain about the nature of the links and how they change over time. Future investigations with a broader array of languages, a wider range of ages and careful attention to methodology will provide new insights regarding the interplay between these aspects of language development.
